We measured the temporal profile and ana tomic distribution of cells exhibiting DNA fragmentation at various durations of reperfusion after middle cerebral artery (MCA) occlusion in the rat. Focal cerebral isch emia was induced in male Wi star rats (n = 62) using an intraluminal monofilament blockade of the MCA. After 2 h of MCA occlusion, the animals were killed at different durations of reperfusion (0.5, 3, 6, 9, and 12 hand 1,2,4, 7, 14, 21, and 28 days, n = 4 per time point). Sham operated rats (n = 4) and normal rats not subjected to any surgical procedure (n = 4) were used as controls. Coronal brain sections (5 !-lm) were analyzed, using an in situ Ap opTag kit, hematoxylin and eosin, and immunohisto chemical double-staining methods. Six rats subjected to 2 h of MCA occlusion were killed at 24 h for measurement of DNA fragmentation by gel electrophoresis. Our data indicate that within a coronal section, DNA fragmenta tion was present in zero to three cells in each hemisphere of normal and sham-operated rats as well as in the con-In 1972, Kerr et aI. described a distinct type of cell death, apoptosis, that differs from necrosis in its morphological features. In contrast to necrotic cells, apoptotic cells exhibit compaction of chroma tin against the nuclear membrane, cell shrinkage with preservation of organelles, detachment from surrounding cells, and nuclear and cytoplasmic budding to form membrane-bound fragments, known as "apoptotic bodies," which are rapidly phagocytosed by adjacent parenchymal cells or
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macrophages. The morphological features of apop tosis are easily recognized using ultrastructural analysis and may be identified with light micro scopic analysis of hematoxylin and eosin (H&E) stained cells (Wyllie et aI., 1980) . Apoptotic death, by definition, requires an active commitment of the cell to degrade its own DNA, according to an internal program of self-destruction (Searle et aI., 1982) . DNA fragmentation is a marker of apoptosis, and cells exhibiting the morphological characteristics associated with DNA fragmentation are referred to as "apoptotic cells" (Gavrieli et aI., 1992; Wijsman et aI., 1993; Wood et aI., 1993; Za keri et aI., 1993) . Nuclear DNA is fragmented into nucleosome-size pieces of �200 bp and multiples thereof, generating 3'-OH groups at the strand breaks (Appleby and Modak, 1977) . DNA has re cently been extracted from rat brain subjected to middle cerebral artery (MeA) occlusion and ana-lyzed by agarose gel electrophoresis to reveal a characteristic fragmented DNA ladder pattern in dicative of apoptosis (Linnik et aI., 1993; Tominaga et aI. , 1993) . Since DNA fragmentation is associ ated with an apoptotic morphology (Wyllie, 1980) , visualization of DNA breaks could greatly facilitate the identification of apoptotic cells. We therefore employed a method to detect cellular DNA frag mentation in situ by the end labeling of DNA con taining free 3'-OH ends in brain after ischemia.
The present study details the temporal profile of in situ DNA fragmentation after MeA occlusion. We describe morphological alterations of cells ex hibiting DNA fragmentation in rat brain from 0.5 h to 4 weeks after 2 h of MeA occlusion. Our data show that DNA fragmentation, and possibly apop tosis, is initiated within 0.5 h, peaks at 24-48 h, and persists at least for 4 weeks after MeA occlusion. Most cells exhibiting DNA fragmentation are neu rons. These cells are localized primarily to the inner boundary of the infarcted tissue. How apoptosis and necrosis are linked to each other during MeA occlusion is unclear. However, the information de rived from these experiments may aid in under standing the pathophysiological mechanisms oper ative in evolving ischemic lesions of the brain.
MATERIALS AND METHODS
Experiments were performed on 62 male Wi star rats weighing 260-300 g. Focal cerebral ischemia was induced using a method of intraluminal vascular occlusion (Zea Longa et aI., 1989) . Briefly, rats (n = 54) were anesthe tized with 3.5% halothane and maintained with 1.0% halo thane in 70% N20/30% O2 using a face mask. The rectal temperature was controlled at 37"C with a feedback regulated water heating pad. The right common carotid artery, external carotid artery (ECA), and internal carotid artery (ICA) were isolated via a ventral midline incision under the operating microscope. Approximately 18.0-19.0 mm of 4-0 surgical nylon suture, determined by body weight, was advanced from the lumen of the ECA into the ICA to block the origin of the MCA for 2 h. The rats awoke within 10 min after the termination of anesthesia. While rats were reanesthetized with halothane, restora tion of MCA blood flow was accomplished by withdraw ing the intraluminal suture until the tip cleared the ICA lumen and was retained in the stump of the ECA.
All rats with right MCA occlusion exhibited focal neu rologic deficits, characterized by failure to extend the left forepaw. Four rats served as sham-operated controls in which a 15-mm-Iong nylon monofilament was inserted into the ICA for 2 h. This length of nylon monofilament was too short to occlude the MCA. These rats did not exhibit left-sided neurologic deficits. Four normal rats served as controls for in situ detection of DNA fragmen tation.
Experimental rats (n = 56) were given an overdose of ketamine and xylazine and killed at various reperfusion J Cereb Blood Flow Metab, Vol. 15, No.3, 1995 times (0.5, 3,6,9, and 12 h and 1, 2, 4, 7,14,21, and 28 days, n = 4 per time point). The four rats that served as sham-operated controls were killed at 48 h after with drawing the intraluminal suture. Rat brains were fixed by transcardial perfusion with heparinized saline, followed by perfusion and immersion in 10% buffered formalin phosphate. A coronal section, at the level of the anterior commissure (Paxinos and Watson, 1986) , was obtained from each rat, using a rodent brain matrix, and formalin fixed paraffin-embedded coronal slides (5 fLm) were cut.
We employed a molecular biological-histochemical system (ApopTag kit; Oncor, Gaithersburg, MD, U.S.A.) for sensitive and specific staining of DNA fragmentation and apoptotic bodies (Gavrieli et a!., 1992) and identified the number of cells exhibiting DNA fragmentation in both the ipsilateral and the contralateral hemispheres using a light microscope. Cells containing apoptotic bodies are referred to as "apoptotic cells" (Gavrieli et aI., 1992; Wijsman et a!., 1993; Wood et a!., 1993) . The ApopTag method is based on the specific binding of terminal deox ynucleotidyl transferase (TdT) to 3'-OH ends of DNA and the ensuing synthesis of a polydeoxynucleotide polymer. Briefly, after deparaffinizing brain sections and digesting protein in specimens using proteinase K and quenching endogenous peroxidase activity with 2% H202 in phos phate-buffered saline (PBS), slides were placed in equil ibration buffer and then in working-strength TdT enzyme, followed by working-strength stop/wash buffer. After 2 drops of anti-digoxigenin-peroxidase were applied to the slides, peroxidase was detected with diaminobenzidine. Negative controls were performed using distilled water for TdT enzyme in the preparation of working-strength TdT. The labeling target of the ApopTag kit was the new 3'-OH DNA ends generated by DNA fragmentation, which were typically localized in morphologically identi fiable nuclei and apoptotic bodies. The direct immuno peroxidase detection of digoxigenin-Iabeled DNA in thin sections of fixed tissue allowed analysis of scattered ap optotic cells at anatomical locations after MCA occlu sion. In contrast, normal nuclei, which had relatively in significant numbers of DNA 3'-OH ends, did not stain with the kit. Cells exhibiting necrotic morphologies, in some instances, contained stainable concentrations of DNA ends; however, staining in necrotic cells appeared more diffuse than in apoptotic cells. Coronal sections stained with the ApopTag kit were also counterstained with hematoxylin.
Adjacent sections of tissue were stained with H&E to identify the necrotic cells and to correlate the anatomic distribution of necrotic and apoptotic cell death in rat brain subjected to MCA occlusion. Histologic features used to identify the ischemic lesion included vacuolation (sponginess) of the neuropil, diffuse pallor of the eosino philic background, and alterations in the shape and stain ability of both neuronal perikarya and astrocytic nuclei. Necrotic neurons were identified as having pyknotic nu clei and an eosinophilic cytoplasm (red neuron) or lacking cellular structures (ghost neuron) (Garcia et aI., 1993) .
Double staining was performed on sections from three rats subjected to 2 h of MCA occlusion and 48 h of reper fusion, using the ApopTag kit and avidin-biotin complex method (Hsu et a!., 1981) and a peroxidase substrate kit for cellular identification. The sections were stained for identification of the following cell types: neuron-specific enolase (Dako, Copenhagen, Denmark) for neurons, glial fibrillary acidic protein (Dako) for astrocytes, and Factor VIII-associated antigen (Accurate, Westbury, NY, U.S.A.) for endothelial cells. Briefly, after blocking the nonspecific reaction with 5% horse serum and washing in PBS, sections were incubated with specific antibodies. The sections were washed in PBS and incubated in biot inylated horse anti-mouse IgG (absorbed in rat serum) (Vector, Burlingame, CA, U.S.A.) and in avidin-biotin complex (ABC kit; Vector). Peroxidase was demon strated with a Vector VIP kit.
Additional rat brains (n = 6) were analyzed by gel elec trophoresis for DNA fragmentation. Following 2 h of MCA occlusion and 24 h of reperfusion, the rats were transcardially perfused with heparinized isotonic saline solution. A standard lO-mm-thick segment of tissue was divided into ipsilateral and contralateral hemispheres us ing a rodent brain matrix. The methods of Linnik et al. (1993) were followed. Briefly, tissue segments were fro zen on dry ice or immediately minced and lysed in Tris HCI (pH 8.0) containing ethylenediaminetetraacetate and Triton X-IOO on ice. Genomic DNA was pelleted by cen trifugation. DNA that did not sediment during centrifu gation was extracted by phenoUchloroform/isoamyl alco hol (25: 24: 1) and chloroform/isoamyl alcohol (24: 1) and ethanol precipitation before RNase A digestion. DNA ex tracts from ischemic and nonischemic tissue were directly examined by ethidium bromide in gel electrophoresis. Apparent molecular weights were estimated from the rel ative mobilities of DNA molecular weight marker XI (Boehringer Mannheim, Indianapolis, IN, U.S.A.) run on the same gel.
Paired t tests were performed to detect differences of apoptotic cells between the rats subjected to MeA occlu sion and sham-operated rats. Data are presented as means ± SD.
RESULTS
With the ApopTag kit staining, DNA fragmenta tion (apoptosis) was found in zero to three cells within each hemispheric section of normal and sham-operated rats and in the contralateral hemi sphere of ischemic rats. Normal cells appeared blue by counter staining with hematoxylin ( Fig. la) . Ne crotic cells were not detected in normal and sham operated rats or in the contralateral hemisphere of ischemic rats.
In localized areas within the preoptic area and the striatum of the ischemic core, scattered apoptotic cells (�1 0 per section) were observed as early as 0.5 h after ischemia, with signs of neuronal morpholog ical changes indicative of cellular damage, such as condensed neuronal perikarya surrounded by swol len cellular processes with a scalloped appearance (Garcia et aI., 1993) . The earliest recognizable stage in apoptotic formation involved chromatin conden sation around the margin of the nucleus forming either crescent caps (Fig. Ib) or rings (Fig. lc) . At 3 h, the numbers of apoptotic cells (�20 per section) increased significantly, and the significant increase in apoptotic cells compared with normal and sham control and the contralateral hemisphere animals persisted to 4 weeks (p < 0.01). Apoptotic cells first exhibited dense masses of membrane-bound apop totic bodies at 3 h of reperfusion. Fifty to seventy apoptotic cells per section were present primarily in the preoptic area and in the striatum at 6-12 h after reperfusion. At the same time, scattered apoptotic cells were also induced in the cortex of the ischemic core.
The numbers of apoptotic cells (�1 00-300 per section) peaked at 24-48 h after reperfusion, and there was no difference between the 24-and 48-h groups (p > 0.1). Most apoptotic cells contained multiple (2-25) apoptotic bodies ( Fig. Id-f ). Apop totic bodies varied considerably in size in both stri atum ( Fig. Id) and cortex (Fig. Ie) . The light micro scopic appearance of apoptosis was diverse. Apop totic bodies were clearly stained dark brown and were round or oval in shape, forming plasma mem brane blebs and protuberan.ees on the cell surface. Although scattered apoptotic cells were increased throughout the territory of the MCA, the majority of cells consisted of groups of contiguous apoptotic cells (Fig. If) localized to the inner boundary zone of the infarction.
H&E staining revealed both necrotic and apop totic cell death after MCA occlusion ( Fig. Ig-i) . The light microscopic identification of apoptosis de pended upon the recognition of rounded or oval bodies (apoptotic bodies), typically intensely dark purple-blue masses variable in size, that frequently contained pyknotic chromatin in cells and did not evoke inflammation (Fig. Ig) . With H&E staining, apoptotic cells were detected in the cortex ( Figure Ij and k (H&E stained) shows cell necrosis and associated inflammatory response, with a neutrophil contiguous to a red neuron ( Fig.  lj) and neutrophils migrating across the endothelial cells into the lesion area ( Fig. lk) . Although neu trophils contain multiple nuclei, they are clearly dis tinguished from apoptotic cells and stain purple blue by H&E ( Fig. Ig-k) . Neutrophils display three to five distinct lobes joined by thin strands of chro matin, with the cytoplasm staining eosinophilic pink. The lobes of neutrophils are located within the nuclear membrane and do not protrude to the cell surface ( Fig. Ij and k) . With the ApopTag kit and hematoxylin counterstaining, apoptotic bodies stain brown and neutrophils stain blue (Fig. Id) .
Phagocytosis of apoptotic cells was detected at 4 days of reperfusion. Apoptotic cells were detected within the cytoplasm of macrophages (Fig. 11) , and residues of apoptotic cells were also present in the lesion area (Fig. 1m ). The numbers of apoptotic cells were markedly attenuated from 4 days (�50 per section) to 4 weeks ( � 1 0 per section) after reperfusion. However, at 2-4 weeks of reperfusion, the number of apoptotic cells exceeded that in the normal and contralateral hemispheres (p < 0.01). Double staining of ApopTag kit with different specific antibodies revealed that most apoptotic cells were neurons (�90-95%; Fig. In and 0) , some were astrocytes (�5-1 0%; Fig. I p and q) , and a few were endothelial cells « 1%; data not shown). Ap optotic endothelial cells were detected using H&E staining (data not shown) and with the ApopTag kit and hematoxylin counterstain (Fig. Ir) . Figure 2 (top) depicts the numbers of apoptotic cells within the ipsilateral ischemic hemisphere at time points during reperfusion. Figure 2 (bottom) illustrates and summarizes the temporal profile and distribution of apoptotic cells and necrotic neurons at various times (0.5 h to 28 days) of reperfusion after 2 h of MCA occlusion. A progressive increase in numbers of apoptotic cells was present with in creasing reperfusion times from 0.5 to 24 h, and a progressive decrease in numbers of apoptotic cells was present from 4 to 28 days of reperfusion in the areas of neuronal necrosis. Apoptotic cells were concentrated at the inner boundary zones of neuro nal necrosis. Apoptotic cells were more prevalent and appeared earlier in the preoptic area and in the striatum than in the cortex.
In rats subjected to 2 h of MCA occlusion and 24 h of reperfusion, the DNA gel electrophoresis pat tern exhibited discrete bands of DNA fragments of specific sizes, particularly in the relatively lower molecular weight range (�700 bp) (Fig. 3) .
DISCUSSION
We investigated for the first time the temporai and anatomic expression of apoptosis, as indicated by ApopTag staining of DNA fragmentation in brain subjected to transient MCA occlusion. Our novel findings are that 2 h of MCA occlusion evokes not only necrosis of the ischemic tissue but a well de fined sequence of DNA fragmentation, indicative of apoptosis. Apoptosis first appears within 0.5 h of reperfusion, peaks at 24-48 h, and persists to at least 4 weeks after ischemia. Apoptotic cells are localized primarily to the boundary zones of the ischemic region. Thus, an ongoing dynamic process of apoptotic cell death is initiated by the ischemic event.
We measured the induction of DNA fragmenta tion after MCA occlusion using a method for the in situ specific labeling of nuclear DNA fragmentation as well as gel electrophoresis. Fragmented DNA has been shown by agarose gel electrophoresis to be present in rat brain subjected to permanent MCA occlusion (Linnik et aI., 1993; Tominaga et aI., 1993) . Tominaga et al. (1993) found the discrete bands (ladder bands) of oligonucleosoma beginning at 18 h after ischemia. The bands were most prom inent at 24 h, while no ladder bands were found from 0.5 to 12 h after onset of MCA occlusion. We likewise detected the ladder bands of DNA frag- Apoptotic cells in coronal sections at the level of the anterior commissure in rats subjected to 2 h of middle cerebral artery (MeA) occlusion and 0.5 h to 28 days of reperfusion. Top: A progressive increase in numbers of apoptotic cells occurs with in creasing reperfusion time from 0.5 to 24 h, and a progressive decrease in numbers of apoptotic cells occurs from 4 to 28 days of reperfusion in the territory of the MeA. Bot tom: An illustration of the temporal profile and distribution of apoptotic cells (dots, Ap opTag kit) and necrotic neurons (hatched, hematoxylin and eosin) shows that although scattered apoptotic cells increase through out the territory of the MeA, groups of apo ptotic cells localized primarily to the inner boundary zone of the infarction, both in the striatum and in the cortex at 24-48 h of reperfusion. mentation, however with dense smearing, by gel electrophoresis at 24 h after cerebral ischemia.
Since DNA cleavage at linker regions produces double-strand DNA fragments of multiples of �200 bp and random DNA cleavage results in a wide spectrum of DNA fragments, these two patterns of DNA degradation can be observed as a "ladder" of apoptosis or a "smear" of necrosis on conventional agarose gel electrophoresis after cerebral ischemia, respectively (Linnik et aI., 1993; Tominaga et ai., 1993) . We observed a ladder pattern of DNA frag ments with dense smearing from the ischemic hemi sphere after MCA occlusion, indicating coexistence of apoptosis and necrosis. The ladder pattern ob tained in vivo is not as sharp and distinct as that obtained from cultured cells primarily undergoing apoptosis (Arends et aI., 1990) . However, using the more sensitive ApopTag kit, our data indicate that DNA fragmentation is present as early as 0.5 h after reperfusion. The earlier detection of DNA fragmen tation with the ApopTag kit compared to gel elec trophoresis may be attributed to the increased sen sitivity of the ApopTag method, which is based on the detection of DNA strand breaks, which are abundant in apoptotic cells. Since the DNA in ne crotic cells is degraded by release of lysosomal DNase, necrotic cells in some instances may con tain stainable concentrations of DNA strand breaks. However, ApopTag staining appears more diffuse and apoptotic bodies are rarely present in necrotic cells compared with apoptotic cells (Fig. Id) . We detect apoptotic bodies as early as 0.5 h after onset of reperfusion following 2 h of MCA occlu sion in the rat brain. After permanent ligation of the portal vein in the liver, apoptotic bodies become visible 2 days after the initiating event and persist for 16-20 days (Kerr, 197 1) . The difference in the time of onset of apoptosis between ischemic liver (2 days) and brain (hours) in our study may possibly be attributed to organ difference, as well as to the different effects of permanent and transient isch emia. Reperfusion in brain may evoke an earlier and more intense apoptotic response than permanent ischemia in liver, since reactive oxygen species have been shown to activate apoptotic processes (Hockenbery et aI., 1990 (Hockenbery et aI., , 1993 Kane et ai., 1993; Buttke and Sandstrom, 1994) . In studies of transient renal ischemia in the rat, apoptotic bodies are noted as early as 12 h after onset of reperfusion (Schumer et ai., 1992) . As noted, it is also possible that the early detection of apoptotic cells in ischemic brain in the present study may be attributed to the utili zation of the ApopTag kit to measure DNA frag mentation versus the less sensitive H&E staining used to detect apoptotic bodies in the kidney (Schumer et aI., 1992) . The presence of up to three apoptotic cells in the cerebral hemispheres of nor mal and sham rats and the contralateral hemi spheres of ischemic rats may be an indication of programmed cell death in these brains.
In cultured cells, the sequence of apoptosis and phagocytosis is often completed within 4 h (Sand erson, 1976; Wyllie et ai., 1980; Fesus et aI., 1993) . In the present study, we measured the temporal profile of apoptotic cells, and not the lifetime of individual cells within the ischemic tissue. We found a strong temporal dependence of apoptotic cell expression. If ischemic brain cells have similar apoptotic lifetimes as cells in vitro, then the pres ence of apoptotic cells prior to morphological alter ations associated with necrosis and up to 4 weeks after the onset of reperfusion suggests that ischemic cell damage attributed to apoptosis is an early and persistent process. Thus, apoptosis continues at times at which necrosis is thought to have termi nated (Duchen, 1984) . In addition, if the half-life of apoptotic cells in vivo is shorter than in necrotic cells, then, by simply counting apoptotic cells at a specific time, we may be underestimating the con tribution of apoptosis to ischemic cell damage.
The anatomical distribution of expression of ap optotic cells suggests that apoptosis contributes to the expansion of the ischemic lesion. Apoptotic cells are localized primarily to the inner boundary zones of the evolving infarct. The location of these cells to the boundary of the lesion suggests that metabolic activity and reoxygenation may provide the conditions for apoptosis to occur. If the DNA fragmentation is associated with an orchestrated process of programmed cell death, then this process requires energy for the induction of new genes (Ellis et al., 1991) and increased expression of proteins promoting cell death, such as p53 (Yonish-Rouach et al., 1991) , as well as the reduction of inhibitory proteins that protect against apoptosis, such as Bcl-2 (Hockenbery et al., 1990) . The position of ap optotic cells at the boundary of necrosis is also con sistent with the role of reactive oxygen species in promoting apoptotic events (Hockenbery et al., 1993; Kane et al., 1993; Buttke and Sandstrom, 1994) . Reoxygenation upon reperfusion is most prominent at the boundary of the ischemia region (Siesj6, 1993) and therefore is the most likely region for the formation of free radicals that induce apop tosis.
In the present study, we restricted identification of cells undergoing apoptosis to 48 h after the onset of reperfusion. The vast majority of the apoptotic cells at this time point were neurons, followed by astrocytes and endothelial cells. However, we can not exclude the possibility that the distribution and identity of apoptotic cells at other time points dur ing reperfusion may be different. At the 48-h time point, the distribution of cells expressing apoptosis reflects the differential sensitivity of cells exhibiting ischemic cell damage: Neurons are more vulnerable to focal ischemic cell damage than are glial cells and endothelial cells (Li et aI., 1992) . However, the rel ative number of neurons compared with the general cell population exhibiting apoptosis is greater than the proportion of neurons at 48 h exhibiting necrosis (Duchen, 1984) . Thus, at 48 h after reperfusion, neurons appear to be highly selective for apoptotic cell damage. Neurons and myocardiocytes, both long-lived and terminally differentiated cell types, may be particularly prone to apoptosis (Barr and Tomei, 1994) . Heintz (1993) suggested that this is to avoid reentry into the cell cycle upon malignant transformation. The temporal distribution of num bers of apoptotic cells is consistent with the tempo ral profile of ischemic cell damage. However, our data suggest that apoptosis precedes morphological indications of ischemic cell damage traditionally as sociated with necrosis. Between 24 and 48 h after onset of reperfusion, ischemic tissue matures into a J Cereb Blood Flow Me/ab, Vol. 15, No.3, 1995 necrotic state. Prior to this time, the cells within the ischemic region show a gradual transition from no apparent morphological change to dark and swollen neurons and then to eosinophilic and ghost neurons. Thus, apoptosis becomes most prominent at the time at which ischemic cell damage matures into fulminating necrosis.
In conclusion, the temporal profile of DNA frag mentation in situ after transient focal cerebral isch emia suggests that apoptosis contributes to the de velopment of ischemic infarct and is a dynamic on going process.
